ABSTRACT: Platinum has been widely applied as an industrial catalyst and consequently the recovery of noble metals from industrial wastes has become an economic issue. In the present studies, laboratory tests were undertaken to examine the selective removal of micro-quantities of platinum(IV) from 1 M solutions of aluminium, copper, iron, nickel and zinc chloride in 0.1 M hydrochloric acid using anion-exchangers containing tertiary amine group functions (Amberlite IRA-67 and Amberlite IRA-93) and polyamine group functions .
INTRODUCTION
Platinum, palladium and rhodium are widely used as components of automotive catalysts. Platinum and palladium oxidise carbon monoxide and hydrocarbons while rhodium reduces the emission of nitrogen oxides. The catalytic converters installed in most cars are composed of a honeycomb-type monolithic support constructed of a high melting-point ceramic material, generally cordierite (2MgO• 2Al 2 O 3
• 5SiO 2 ). Thus, cordierite is coated with a highly porous washcoat consisting of ca. 90% γ-Al 2 O 3 in which platinum group elements (PGEs) are finely dispersed in a metallic form.
Nowadays, a wide range of possible combinations and concentrations of Pt, Pd and Rh exists which can be used to attain the different performance features required by car manufactures. In the various Pd-Rh, Pt-Rh, Pt-Pd, Pt-only or Pt-Pd-Rh catalysts, the percentage of PGEs relative to the bulk material is < 0.1 wt% (Burtin et al. 1987) . Catalysts of the platinum group metals have been widely used in various chemical processes. Their excellent chemisorption properties and selective activities towards reactants and resistance to oxidation at high temperatures make them very effective catalysts, e.g. in ammonia oxidation, petroleum reforming, the Fischer-Tropsch synthesis and in the pharmaceutical industry (Balcerzak et al. 1999; Balcerzak 2000) .
The high cost and increasing demand have prompted the recovery of platinum from low-grade ores and spent catalysts. Ion-exchange is a powerful tool for the selectivity recovery of very small amounts of Pt(IV) ions from concentrated aluminium ion solutions. Since noble metals exist in chloride solutions in the anionic form, anion-exchange provides a better method than cationexchange for the separation of Pt(IV) traces from extremely large amounts of base metals (aluminium, copper, nickel, iron and zinc) .
Platinum sorption from non-noble metal solutions has been investigated onto Polyorgs chelating sorbents, since Polyorgs are highly selective towards noble metal ions in the presence of non-noble metals. Polyorgs are obtained by the introduction of complexing functional groups into linear polystyrene, macroporous styrene-divinylbenzene copolymers, poly(vinyl alcohol), polyacrylonitrile fibres, and other matrices. The high selectivity of these sorbents for noble metal ions is mainly due to the presence of nitrogen and sulphur atoms in their structures which act as donor atoms, but sorbents which do not contain sulphur atoms are the most selective in the presence of Cu(II), Ni(II) and Co(II) ions. Chelating sorbents containing nitrogen heterocyclic groups are also highly selective towards noble metal ions (Myasoedova and Savvin 1982) . The most interesting are Polyorgs IV, V and VI. Pre-concentration is complete in the presence of Cu(II) ions up to a concentration of at least 50 g/dm 3 , in the presence of Ni(II) and Co(II) ions up to 100 g/dm 3 and in the presence of Fe(III) ions up to 10-20 g/dm 3 . Polyorgs V has the highest selectivity, especially in the presence of Fe(III) ions. Base metal ions are only very slightly sorbed [Cu(II), Ni(II) and Co(II), 0.02%; Fe(III), 2%] and as a consequence have practically no influence on the subsequent determination of noble metal ions. Other base metal ions (Al, Ca, Mg, etc.) are not sorbed at all from highly acidic media (Myasoedova et al. 1985) .
In previously reported studies, eight anion-exchangers were investigated for the selective separation of platinum, palladium and gold ions from large amounts of base metal ion solutions. Of the resins tested, Dowex 1X-8 had quaternary ammonium groups (type 1) on a polystyrene gel skeleton, Amberlite CG-400 had quaternary ammonium groups (type 1) on a polystyrene gel skeleton, Amberlite IRA-410 had quaternary ammonium groups (type 2) on a polystyrene macroporous skeleton, Diaion WA-30 had tertiary amine groups on a polystyrene macroporous skeleton, Diaion WA-20 had polyamine groups on a polystyrene macroporous skeleton, Amberlite IRA-35 had tertiary amine groups on an acrylate gel skeleton and Dowex WGR-2 had polyamine groups on an epoxyamine gel skeleton. Two other resins with different structures, i.e. Amberlite CG-4B which has polyamine groups on a phenol-formaldehyde gel skeleton and Dowex A-1 which has iminodiacetate groups on a polystyrene gel skeleton, were effectively applied for the separation of noble metal ions from base metals. Amberlite IRA-35, a weakly basic acrylic anionexchange resin, was used throughout the study because the noble metal ions were sharply eluted from the resin using a minimum amount of eluant (10 cm 3 or less) (Matsubara et al. 2000 ). An ion-exchange method has also been applied for the separation of Pt, Pd and Rh ions from a highly acidic solution containing a considerable amount of Pb, Al, Fe and Ce ions obtained by leaching an used honeycomb-type automotive catalytic converter. Three anion-exchange resins, i.e. Amberlite IRA-68, Amberlite IRA-93 and Amberlite IRA-400, were tested, with the best results for the recovery and stripping of platinum, palladium and rhodium being obtained with Amberlite IRA-93 (Gaita and Al-Bazi 1995) .
A chelating ion-exchange resin containing thiosemicarbazide as the functional group and based on macroreticular polystyrene-divinylbenzene (8%) has been prepared. This exhibited maximum capacities (mmol/g) for the following precious metal ions: Pd(II), 0.78 (at pH 0); Pt(IV), 0.71 (at pH 0); Ru(III), 0.685 (in 1.5 M HCl); and Rh(III), 0.615 (in 2 M HCl). Base metal ions such as Cu(II), Bi(III), Hg(II), Fe(III), V(V), Al(III) and U(VI) were not sorbed under the experimental conditions employed. This resin did not sorb Ir(III) ions at pH 0, making the separation of this ion from the other platinum metal ions easy (Siddhanta and Das 1985) .
The aim of the present work was to study the possible selective removal of Pt(IV) ions from 1 M Al(III), Cu(II), Fe(III), Ni(II) and Zn(II) chloride solutions in 0.1 M HCl onto anion-exchangers of various types. For this purpose the following anion-exchangers were studied: Amberlite IRA-67 with functional tertiary amine groups, Amberlite IRA-93 with functional tertiary amine groups and Diaion CR-20 with polyamine functional groups. The sorption of Pt(IV) ions from various systems onto the above-mentioned anion-exchangers was carried out under dynamic and static conditions with different phase contact times.
EXPERIMENTAL Reagents
Amberlite IRA-67 and Amberlite IRA-93 were produced by Rohm & Haas, France while Diaion CR-20 was produced by Mitsubishi, Japan. The other reagents used were all chemically pure and produced by POCh, Poland.
Characteristics of anion-exchangers
Amberlite IRA-67 includes tertiary amine groups on a skeleton consisting of an acrylate copolymer with divinylbenzene. It has a gel structure and the sample employed possessed a total exchange capacity of 1.6 equiv/dm 3 , a bulk weight of 700 g/dm 3 , a grain size of 16-50 mesh, a moisture content of 60% and a working pH range of 0-9. It was thermally stable up to 333 K.
Amberlite IRA-93 includes tertiary amine groups on a skeleton consisting of a styrene copolymer with divinylbenzene. It has a macroporous structure and the sample employed had a total exchange capacity of 1.25 equiv/dm 3 , a bulk weight of 670 g/dm 3 and a grain size of 16-50 mesh. It was thermally stable up to 373 K.
Diaion CR-20 includes polyamine groups on a skeleton consisting of a styrene copolymer with divinylbenzene. It has a macroporous structure and the sample employed had a the total exchange capacity of 0.8 equiv/dm 3 and a grain size of 0.35-0.55 mm. It was thermally stable up to 373 K.
Methods and analysis
In order to the determine recovery factors towards Pt(IV) ions, which are dependent on the phase contact time, the anion-exchanger employed and the types of aqueous phase, laboratory studies were undertaken under static conditions using 100-cm 3 volume conical flasks fitted with groundglass stoppers. Into each flask was placed 25 cm 3 aqueous phase and 0.25 g anion-exchanger and the whole stoppered. The contents were shaken at 293 K for various time periods extending from 1 min to 360 min using a laboratory shaker type 385 S produced in Poland. Following such shaking, the anion-exchanger was filtered off and the content of Pt(IV) ions remaining in the solution determined.
The recovery factor, R, of Pt(IV) was calculated from the expression:
(1) R g g w (%) = 0 where g 0 is the concentration of Pt(IV) ions in the anion-exchanger phase (calculated as the difference between the concentration in the aqueous phase before and after sorption) and g w is the initial concentration of Pt(IV) ions in the aqueous phase.
In the dynamic method, the 0.6-cm diameter columns joined with a feeder by means of a ground glass joint were employed. The columns were filled with 5 cm 3 amounts of the water-swollen anion-exchanger and then aqueous solutions containing Pt(IV) ions at a concentration of 143.1 µg/cm 3 were passed through the anion-exchanger bed at a rate of 0.35 cm/min. The eluate was collected as the 10, 25, 50 and 100-cm 3 fractions and their platinum content determined. The weight, λ Pt(IV) , and bed, . λ Pt(IV) , distribution coefficients were calculated from the breakthrough curves for Pt(IV): (2) where U _ is the effluent volume at C = C 0 /2 (cm 3 ), U 0 is the dead volume in the column (the liquid volume in the column between the bottom edge of the anion-exchanger bed and the outlet) (cm 3 ), V is the void (inter-particle) anion-exchanger bed volume (which amounted to ca. 0.4 of the bed volume) (cm 3 ) and m j is the dry anion-exchanger weight (g). Similarly:
where d z is the density of the anion-exchanger bed. The percentage contents of Pt(IV) in the initial solution, raffinate and eluate were determined using a spectrophotometric method. Thus, the solution under investigation containing not more than 0.3 mg Pt was placed in a 25 cm 3 flask, 3 cm 3 of conc. HCl and 5 cm 3 of SnCl 2 solution [25% (1 + 3) solution in HCl] were added and the total contents diluted to full volume with 0.01 M HCl. After stirring, the absorbance was measured using a SPECORD M 42 instrument (Carl Zeiss, Jena, Germany).
RESULTS AND DISCUSSION
Platinum exists in many kinds of catalysts. Thus, the Fe-oxide promoted Pt/alumina catalyst is highly selective towards the oxidation of CO in H 2 (Liu et al. 2002) while the trifunctional catalyst Pt-Zn-HY has been employed in the hydro-isomerisation of n-heptane (Saberi et al. 2001) . Many kinds of chemical processes are catalysed by platinum and nickel, e.g. the hydrogenation of acetophenone (Malyala et al. 2000) , the reforming of n-butane (Avci et al. 2004 ) and the reduction of aromatic nitro compounds (Ghosh et al. 2004) . The Pt-Cu catalyst has been used in nitrate reduction (Epron et al. 2002) .
The Pt content of catalysts can be separated by hydrometallurgical processes. Thus, dissolution of such catalysts in a chloride-containing solution leads to the formation of chloride complexes. In the concentration range 0.1-6.0 M HCl, Pt(IV) forms only one kind of complex, i.e. [PtCl 6 ] 2-(see Table 1 ). According to the Hard and Soft Acids and Bases theory, the Pt(IV) in such chloride complexes acts as a soft acid and interacts with soft basic ion-exchangers. Metal ions such as Al(III), Cu(II), Fe(III), Ni(II) and Zn(II) form many kinds of complexes in 0.1 M HCl.
The influence of anion-exchangers and contact times on the removal of Pt(IV) ions from aqueous 1 M solutions of AlCl 3 , CuCl 2 , FeCl 3 , NiCl 2 and ZnCl 2 in 0.1 M HCl is demonstrated in
Figures 1-5, respectively. It will be seen from Figure 1 that, in those systems involving AlCl 3 , the anion-exchangers Amberlite IRA-93 and Diaion CR-20 possessed higher values for the recovery factor, i.e. 94% and 89%, respectively, relative to the anion-exchanger Amberlite IRA-67 which had a recovery factor of 71%. Similarly, Figure 2 shows that the anion-exchanger Amberlite IRA-93 possessed the highest value of the recovery factor (99%) in systems with CuCl 2 , while the anion-exchangers Diaion CR-20 and Amberlite IRA-67 achieved recovery factor values of 92% and 82%, respectively, in the same systems. In the system with FeCl 3 , the anion-exchangers Amberlite IRA-93 and Diaion CR-20 possessed higher values for the recovery factor (99% and 93%, respectively) relative to the anion-exchanger Amberlite IRA-67 which had a recovery factor of 78% (Figure 3 ). The anion-exchanger Amberlite IRA-93 was characterized by the highest value for the recovery factor (98%) in the system with NiCl 2 (Figure 4) , while the anion-exchangers Diaion CR-20 and Amberlite IRA-67 achieved recovery factor values of 94% and 79%, respectively, in the same system. Finally, the data depicted in Figure 5 indicate that all the anionexchangers investigated were characterised by small recovery factor values in the system with 1 M ZnCl 2 , being respectively 54% with Amberlite IRA-93, 44% with Amberlite IRA-67 and 43.5% with Diaion CR-20. The kinetics of the sorption of Pt(IV) ions onto anion-exchangers have been studied in terms of the pseudo-first-and pseudo-second-order mechanisms as intraparticle diffusion mechanism processes (Lagergren 1898; Ho and McKay 1998) . Of these mechanisms, that for pseudo-second-order sorption was characterised by high values of r 2 (the correlation coefficient) and the same mechanism provided a good description of the sorption of Pt(IV) ions in all other systems investigated.
The pseudo-second-order sorption mechanism may be expressed in terms of the equation: (4) where q 2 is the amount of Pt(IV) ions sorbed at equilibrium (mg/g), q t is the amount of Pt(IV) ions sorbed at time t (mg/g) and k 2 is the equilibrium rate constant for a pseudo-second-order sorption process [g/(mg min)]. With such a mechanism, the initial sorption rate, h, would be expressed in mg/(g min) units. The data recorded in Table 2 indicate that the anion-exchanger Amberlite IRA-93 was characterised by the highest values of the parameter q 2 . All anion-exchangers possessed smaller values of the parameters q 2 , k 2 and h in systems with 1 M ZnCl 2. The anion-exchanger Amberlite IRA-67 possessed the highest values of the parameters k 2 and h and the smallest value of the parameter q 2 of all those investigated. This resulted from the polyacrylate structure of the Amberlite IRA-67 skeleton. Anion-exchangers with such skeletons are more hydrophilic than their polystyrene counterparts. This is due to their improved ion-exchange kinetics which, in turn, allows the possible removal of macromolecular ions. The working and total capacities, bed and weight distribution coefficients were calculated for all investigated systems on the basis of the breakthrough curves. The results are presented in Table 3 . The data recorded in this table indicate that Amberlite IRA-93 gave the greatest working and total capacities, bed and weight distribution coefficients in all the systems investigated. In contrast, the corresponding values for Diaion CR-20 were smaller than for Amberlite IRA-93. Of the various anion-exchangers studied, the smallest values of the working and total capacities, bed and weight distribution coefficients were obtained for Amberlite IRA-67. The differences in the values of the various parameters may result from the matrix structure of the anion-exchanger. Thus, Amberlite IRA-67 has a polyacrylate skeleton whereas the skeletons of Amberlite IRA-93 and Diaion CR-20 are based on styrene-divinylbenzene copolymers.
In 2-ions (17%). The presence of two latter anionic zinc complexes in relatively small percentages led to the smallest recovery of Pt(IV) ions in the Pt micro-component-ZnCl 2 macrocomponent system. The influence of macro-components on the recovery of Pt(IV) ions from chloride solutions follows the series: CuCl 2 Ϸ FeCl 3 Ϸ NiCl 2 < AlCl 3 < ZnCl 2 Static investigations confirmed the conclusions obtained on the basis of dynamic methods. Platinum(IV) ions obtained after the dissolution of catalysts can be sorbed from aqueous solution using the route depicted in Scheme 1.
CONCLUSIONS
The anion-exchangers Amberlite IRA-93 and Diaion CR-20 studied in the present work can be applied in platinum recovery technologies, e.g. in the processing of exhausted catalyst converters of various kinds and in the processing of anode sludges derived from nickel or copper electrolysis. A correct choice of anion-exchanger suitable for the process condition is necessary to obtain both a maximum sorption capacity and the use of small amounts of reagents.
As follows from the data discussed above, the weakly basic anion-exchangers Amberlite IRA-67, Amberlite IRA-93 and Diaion CR-20 are not suitable for the selective removal of Pt(IV) ions from a system containing zinc chloride. This arises from the competitive sorption on the weakly basic anion-exchangers employed of macro-quantities of ZnCl copper, iron or nickel chloride can be achieved using both Amberlite IRA-93 and Diaion CR-20 anion-exchangers.
